We present evidence for transitions between fluxoid wells of a SQUID due to cascaded, two-photon processes. Such transitions are evidenced by an anomalous dependence on the transition rate from the one-photon resonant level within the initial well, which cannot be explained by previously observed macroscopic resonant tunneling. These two-photon processes may be a significant source of decoherence in SQUID qubits subject to microwave radiation. PACS numbers: 74.50. + r, 85.25.Dq The degree to which macroscopic degrees of freedom (MDFs) obey quantum mechanics is a perennial source of paradoxes and debates [1] [2] [3] [4] . Examples of these MDFs include the center of mass of a baseball, the magnetization vector of a solid, and (the focus here) the phase difference w of the superconducting wave function across a Josephson junction or (equivalently) the magnetic flux F enclosed by a SQUID. w and F typically represent the collective motion of a large number ͑ϳ10 10 ͒ of Cooper pairs, putting them well into the "macroscopic" regime. In recent years, it has been predicted theoretically and verified experimentally that under appropriate conditions, such as low temperature and weak damping, at least some aspects of the behavior of MDFs must be described quantum mechanically [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, the existence of a coherent superposition of states of MDFs remains largely untested. Some of the most remarkable macroscopic quantum effects, such as energy level quantization, resonant tunneling, and resonant photon assisted tunneling between macroscopically distinct levels, have been observed in Josephson junctions and SQUIDs [16, [20] [21] [22] . Results from SQUID experiments have shown that SQUIDs can, in many respects, be custom designed quantum elements, which are promising for applications in fundamental scientific research (e.g., tests of macroscopic quantum coherence and macrorealism) as well as potential technological applications (e.g., qubits for quantum computing). The interaction between SQUIDs and microwave fields in the quantum regime plays an important role in many of these potential applications [23] but has only just begun to be tested. In this Letter, we report the first observation of the effect of twophoton processes on the transitions of a SQUID between its macroscopically distinct fluxoid states.
The degree to which macroscopic degrees of freedom (MDFs) obey quantum mechanics is a perennial source of paradoxes and debates [1] [2] [3] [4] . Examples of these MDFs include the center of mass of a baseball, the magnetization vector of a solid, and (the focus here) the phase difference w of the superconducting wave function across a Josephson junction or (equivalently) the magnetic flux F enclosed by a SQUID. w and F typically represent the collective motion of a large number ͑ϳ10 10 ͒ of Cooper pairs, putting them well into the "macroscopic" regime. In recent years, it has been predicted theoretically and verified experimentally that under appropriate conditions, such as low temperature and weak damping, at least some aspects of the behavior of MDFs must be described quantum mechanically [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, the existence of a coherent superposition of states of MDFs remains largely untested. Some of the most remarkable macroscopic quantum effects, such as energy level quantization, resonant tunneling, and resonant photon assisted tunneling between macroscopically distinct levels, have been observed in Josephson junctions and SQUIDs [16, [20] [21] [22] . Results from SQUID experiments have shown that SQUIDs can, in many respects, be custom designed quantum elements, which are promising for applications in fundamental scientific research (e.g., tests of macroscopic quantum coherence and macrorealism) as well as potential technological applications (e.g., qubits for quantum computing). The interaction between SQUIDs and microwave fields in the quantum regime plays an important role in many of these potential applications [23] but has only just begun to be tested. In this Letter, we report the first observation of the effect of twophoton processes on the transitions of a SQUID between its macroscopically distinct fluxoid states.
The details of the SQUID system have been reported elsewhere [24] . We summarize its key features here. Figure 1 shows the schematic and equivalent potential of a SQUID biased with an applied flux (in units of the flux
The two wells of the potential represent the f 0 and 1 fluxoid state of the SQUID, which for the parameters of our experiment, have counter circulating currents with magnitudes greater than 2 mA. The energy levels are calculated, neglecting damping, by numerical solution of Schrödinger's equation. The effect of damping on the energy of a level is of second order [25, 26] and should be negligible in the low damping limit appropriate here. For f x 1 2 , the potential is symmetric with an energy barrier DU 0 . As f x is varied about 1 2 , there is an offset´in the energy minima of the wells, which is nearly linear in f x . This, in turn, permits a controlled shift of the relative energy of the levels in different wells. These levels (indexed by ͓ f, i͔) with energies E f,i well below the barrier are localized in either the f 0 or f 1 fluxoid state while levels with energy close to and above the top of the barrier are delocalized [27] . All energies are measured with respect to E 0,0 -the energy of the lowest eigenstate of the f 0 well, [0, 0]-which we always take to be the initial state of the system. We also take f x such that E 0,0 $ E 1,0 . The small, doublejunction loop seen in Fig. 1 acts, to a good approximation, as a single junction whose critical current I c can be modulated by changing the flux f xdc through the loop. We express I c in dimensionless units using the parameter Measurements of the transition rate G vs´of the system from the upper ͑ f 0͒ to lower ͑ f 1͒ well in the presence of a small microwave magnetic field ͑n ഠ 100 GHz͒ exhibit a series of resonances whose positions in´and b L agree very well with those obtained from the calculated energy levels only using four adjustable parameters ͑L 231 6 4 pH, C 77 6 3 fF, b L0 2.01 6 0.005, and n 100.8 6 0.5 GHz͒ to describe the more than 500 peaks observed. These fitting parameters, including the SQUID inductance L and the junctions' capacitance C, are all in agreement with independently determined values.
We have previously identified two dominant transition processes for this system. One, which we call photon induced tunneling, occurs when the energy difference between a level in the f 1 well and the initial state [0,0] equals the photon energy of the microwave field, i.e., E 1,j 2 E 0,0 hn. The rates for this process can be obtained from Fermi's golden rule:
whereV ͑F 2 0 ͞2L͒f xrff ,f F͞F 0 , and f xrf F xrf ͞F 0 . Here and below, we use i to indicate levels in the f 0 well and j for levels in the f 1 well or above the barrier. This equation also describes pumping to excited levels within the initial well (replacing j by i 0 ). The second process involves tunneling, at constant energy, between the wells at a rate given by
where, T ij is the tunneling matrix element between ji͘ and j j͘, g ij g i 1 g j is the combined linewidth of the levels involved, and DE ij is the energy difference between the levels. The total tunneling rate from a level is just
where n i is the occupation of the initial state. This process has two resonances: One, which we call macroscopic resonant tunneling, occurs when DE ij 0 for some j, though, in practice, only the final state with the minimum DE ij contributes significantly to this process. The second, which is called resonantly activated tunneling (RAT), occurs when a level in the initial well (for our system [0,3]) is in resonance so that n 0,3 is a maximum, i.e., for´͑b L ͒ such that E 0,3 2 E 0,0 hn. One expects the amplitude of this RAT resonance to vary periodically with b L , having a series of local maxima for values of b L such that the resonant tunneling condition is simultaneously satisfied. The dissipation in the system, which we model as a resistive shunt R across the junction, enters these rates through the linewidths g or the related density of states
g is determined for all active levels (except [0,0]) by spontaneous decay to the next lower level in the same well at a rate given by
where,
2 , and f ii 0 ͗ijfji 0 ͘. Since the intrawell level spacing of about 1.5 K is much greater than the temperature ͑T ഠ 30 K͒, the inverse process is negligible.
In general, it is necessary to solve the master equation to obtain the occupations n i . In fact, for most of the parameter space studied, only two initial levels are important for interwell transitions. Since the microwave perturbation is weak and the tunneling rate small, n 0,0 ഠ 1. The system then undergoes photoexcitation from this level to a level near resonance in either of the wells ͑G A subset of the data for interwell transition probabilities (which can be directly converted to G) showing these various resonances is seen in Fig. 2 , where the oscillation in the RAT amplitude (the sequence of peaks running diagonally across the graph) in b L is clearly seen. These data were obtained by varying´at a constant rate [28] while monitoring the flux f through the SQUID with a magnetometer. The change in the magnetometer output, Df Х Df m ϵ f m1 2 f m0 (see Fig. 1 ), upon a transition of fluxoid states was used to trigger a sampler, which stored the corresponding value of´. This process was repeated 6000 times for a given b L to obtain the transition probability histograms in Fig. 2 . The focus of the remainder of this Letter is the deviation of the amplitudes of these RAT peaks in other regions of the parameter space from those expected on the basis of the single photon processes discussed above. Figure 3 (top) shows the calculated level structure of the system as a function of b L for´such that the system is on the RAT peak. The predicted´͑b L ͒ dependence for the RAT peak, along with the measured peak locations, is shown in Fig. 3 (bottom) . One notes (Fig. 3) , that the tunnel barrier seen from [0, 3] at the RAT peak increases with decreasing b L even though the barrier foŕ 0, DU 0 , is decreasing with b L . Since T ij at the RAT peak decreases exponentially with decreasing b L , the overall rate predicted by Eq. (3) decreases rapidly for small b L . Figure 4 shows the measured amplitude of the RAT peaks (dots) along with those predicted considering only the single photon processes discussed above (dashed line) [29, 30] . As can be seen, the agreement is very good in the large b L , high rate, region but fails completely for small b L . Not only are the predicted rates much lower than observed, but the locations of the predicted maxima are actually closer to those of the measured minima. This strongly suggests that, as the tunneling rate decreases, a new process is taking over as the dominant mechanism for interwell transitions.
A clue to the nature of this new process is found in the level diagram in Fig. 3 (top) . Here, the dashed and dash-dotted lines indicate the energies hn above the level increases significantly reaching n SIL ഠ 10 28 on resonance. Since the system, once excited above the barrier, will undergo sequential decay with roughly a 50% probability of reaching the f 1 well, these cascade activated transitions (CATs) involving the sequential absorption of two photons can easily give a rate much greater than that produced by Eq. (3) in the small b L region. The solid curve in Fig. 4 shows the calculated transition rate including these CAT transitions (again with Gaussian smearing). Indexing the CAT processes by the initial state for the second photon absorption, the calculations show significant peaks for CAT 0,3 and CAT 0,2 . The peaks in this calculated rate are labeled T (for single photon tunneling transitions-RAT) and C 3 and C 2 for the CAT 0,3 and CAT 0,2 cascade transitions, respectively. The second intermediate level for the CAT 0,1 transition lies below the barrier, and so does not give a significant transition rate. Also, the second intermediate level for the CAT 0,2 transition drops below the barrier for b L , 1.59 (see Fig. 3 ), accounting for the rapid decrease in the amplitude of this peak relative to the CAT 0,3 peak for the smallest b L . As can be seen, the data agree within experimental error with these calculated rates including cascaded two-photon processes, in marked contrast to the evident deviation from the predictions including only single photon absorption.
The calculated rates depend on two unknown parameters, the damping R and the rf flux amplitude f xrf . These have been used as fitting parameters with optimum values of R 5R Q and f xrf 0.001. We estimate the uncertainty in these parameters to be about 650%. This value for the damping compares favorably with the value of R 5.3R Q corresponding to the Lorentzian linewidth obtained from the deconvolution of one of the strongest RAT peaks (near b L 1.70) into its Lorentzian (intrinsic) and Gaussian (measurement noise) components [24] . This corresponds to a damping a ϵ Df 2 m R Q R of 0.03 putting the system well within the regime ͑a , 0.5͒ where macroscopic quantum coherence (MQC) is possible.
In conclusion, we have observed anomalies in the transition rates between the fluxoid states of SQUIDs in microwave magnetic fields occurring when the parametersá nd b L of the potential are such that a state within the initial well is resonant with the microwave photons. The transition rates measured at the resonant peaks (RAT) corresponding to these conditions agree well with those calculated including cascaded two-photon absorption by the system. In particular, for low critical current ͑ b L ͒, where tunneling involving single photon absorption is suppressed, the measured peak amplitudes show local maxima where a second intermediate level has an energy hn above the initial resonant level. These data provide the first confirmation of such two-photon transitions in SQUIDs, and indicate the importance of considering these processes as potential sources of decoherence in SQUID qubits.
